Background--Mineralocorticoid receptor (MR) antagonists have protective effects in the brain during experimental ischemic stroke, and we have previously demonstrated a key role for myeloid MR during stroke pathogenesis. In this study, we explore both model-and sex-specific actions of myeloid MR during ischemic stroke.
M
ineralocorticoid receptor (MR) activation is a contributing factor in the pathophysiology of a wide range of diseases. Elevated levels of aldosterone, a physiological MR activator, are known to induce hypertension, alter inflammation and fibrosis, and exacerbate cardiovascular diseases. Clinical, therapeutic interventions for the treatment of hypertension, heart failure, and post-myocardial infarction remodeling have successfully used MR antagonists. 1, 2 However, the benefit of this class of drugs could extend to the treatment of other cardiovascular diseases, like ischemic stroke. In fact, the MR antagonists eplerenone and spironolactone both are markedly effective in reducing infarct size and neurological deficit after ischemic stroke in male rats and mice. [3] [4] [5] Despite the known protective effects of MR antagonists, the exact mechanisms of protection are not well understood. In addition to demonstrating a remarkable efficacy of MR antagonists to decrease risk of death during heart failure, the Randomized Aldactone Evaluation Study (RALES) study also showed that these effects occur without altering blood pressure. 2 Furthermore, spironolactone and eplerenone protected rodents from stroke injury without affecting blood pressure. 3, 5 However, new information recently has come to light as a result of cellspecific genetic ablation techniques that allow for localization of MR activity key to the pathophysiology of disease.
We have previously identified MR as a regulator of macrophage activation and demonstrated that MR antagonists or myeloid MR knockout (MyMRKO) induces an alternatively activated macrophage (AAM) phenotype. 6 Conversely, MR activation by aldosterone enhances a proinflammatory, classically activated macrophage (CAM) phenotype. Macrophage phenotypes influence the outcome in cardiac remodeling after infarct, 7, 8 and deletion of MR from myeloid cells reduced cardiac remodeling due to N G -nitro-L-arginine methyl ester/ angiotensin II. 6 These studies demonstrated that MR activation in myeloid cells plays a key role in the promotion of pathophysiological cardiac remodeling. The neuroprotective effects of MR antagonists have become the focus of many recent studies, and it is now known that MR activation in myeloid cells plays an important role during ischemic stroke. MyMRKO mice are protected from ischemiareperfusion injury in the brain, which demonstrates the importance of myeloid cells as targets for MR antagonists during ischemic stroke. 9 Previous studies also indicated that female rats lack responsiveness to MR antagonists
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;
therefore, we tested whether genetic myeloid MR ablation was protective in females during ischemic stroke. To further evaluate and characterize this neuroprotective phenotype, we also tested whether MyMRKO mice were protected in models of permanent middle cerebral artery (MCA) occlusion. ) on a C57BL/6 background were generated as described previously. 6 Wild-type C57BL/6J mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA), and MyMRKO and FC mice were bred in-house. Mice were maintained on standard laboratory chow (5001, LabDiet) and water ad libitum. Mice were administered eplerenone (Sandoz, Princeton, NJ) (160 mg/kg per day) in rodent chow (Harlan Teklad, TD.10030) for 1 week before experiments.
Methods

Mice
Intraluminal Filament MCA Occlusion
MCA occlusion by the intraluminal filament method was performed as previously described. 11 The mice were anesthetized with 1% to 3% isoflurane, and a 6-0 silicon rubber-coated nylon monofilament (Docoll Corporation, CA) was inserted into the right internal carotid artery. Regional cerebral blood flow was monitored by laser Doppler flowmetry (Transonic BLF21) before and during monofilament insertion to verify MCA occlusion. Occlusion was defined as a reduction in cerebral blood flow to a level <20% of baseline. For ischemiareperfusion studies, the suture was removed after 90 minutes, and animals were euthanized 24 hours after suture removal. For permanent occlusion experiments, the suture remained tied in place until the animals were euthanized.
Photothrombotic Permanent MCA Occlusion
For induction of photothrombotic stroke, the temporalis muscle was transected, and the left MCA was exposed by drilling a 1-mm burr hole through the skull. Corrected T2 lesion volume ¼ TV À ððCV þ ðIV À LVÞÞ Â ððTV/2)/CVÞÞ TV indicates total volume in both hemispheres; CV, contralateral volume; IV, ipsilateral volume; and LV, lesion volume.
Evaluation of Neurological Deficit
Neurological deficits were determined 24 hours after MCA occlusion. Neurological scores were assigned on the basis of the following criteria: 0, no deficit; 1, forelimb flexion and torso turning to the contralateral side when held by tail; 2, circling to contralateral side; 3, unable to bear weight on contralateral side; and 4, no spontaneous locomotor activity.
Gene Expression Analysis
mRNA expression was measured with quantitative reverse transcription-polymerase chain reaction. Total RNA was extracted from frozen whole cerebral hemispheres through the use of TRIzol reagent and then was purified with the RNeasy Mini Kit (Qiagen). Purified RNA (1 lg) was reverse transcribed to cDNA with an Applied Biosystems kit. Quantitative reverse transcription-polymerase chain reaction was performed with a Bio-Rad iCycler. The relative mRNA expression was quantified by the comparative method, and mRNA was normalized to b-actin.
Immunohistochemistry
Mice were euthanized and transcardially perfused with heparinized saline (1 U/mL) and then 4% paraformaldehyde. The brains were removed and postfixed in 4% paraformaldehyde for 1 week. The cerebrum then was cut into 2-mm-thick serial coronal sections. Sections were embedded in paraffin, cut into 10-lm sections, and mounted on a slide. Iba1 Figure 1A and 1B). Male MyMRKO mice are highly protected during ischemia-reperfusion in the brain. 9 To determine whether a sexual dimorphic effect also exists in genetically ablated MyMRKO mice, we subjected female mice to transient MCA occlusion.
We performed a 90-minute transient MCA occlusion followed by 24 hours of reperfusion, and the infarcts were assessed by T2-weighted MRI. Analysis of MRI scans showed a dramatic reduction in infarct size in female MyMRKO mice ( Figure 2A ). 
Female MyMRKO Mice Have a Suppressed Inflammatory Response
Because MR is a regulator of macrophage polarization, we analyzed the mRNA expression of genes induced in CAM and AAM phenotypes by using quantitative reverse transcriptionpolymerase chain reaction. Female MyMRKO mice exposed to transient MCA occlusion exhibited a dramatic suppression in inflammatory gene expression compared to similarly treated FC female mice. The expression of proinflammatory CAM genes (IL-1b, TNF-a, MCP1, and MIP1a) was suppressed in ischemic hemispheres of MyMRKO mice as compared with FC mice ( Figure 3A) . We also examined a panel of genes (Arg1, Ym1, IL1RA, and F13a1) expressed by AAMs. The expression of Arg1 and YM1 was suppressed in MyMRKO mice ( Figure 3B ). No statistically significant differences in IL1RA and F13a1 were detected between MyMRKO and FC mice, but their average levels of expression were lower, and this study is limited by low power. (Figure 4) . Because a reduction in perfusion during permanent occlusion reduces infiltration of circulating inflammatory cells, we also assessed the infarcts at 72 hours, when more peripheral immune cells are recruited. 14 Larger infarct volumes were observed at 72 hours because of infarct expansion, but there continued to be no protection by MyMRKO. We had previously observed a reduction in the number of Iba1+ cells (microglia and macrophages) in the infarct core in MyMRKO mice during transient occlusion. 9 Therefore, we examined whether there were changes in microglia and macrophage numbers during permanent MCA photothrombosis. Increases in Iba1 + microglia and macrophages were present in the ipsilateral hemisphere of both MyMRKO and FC mice, but no differences were detected between MyMRKO and FC mice ( Figure 5 ). Similarly, no baseline differences were observed in the contralateral hemispheres. To further evaluate the changes in the inflammatory response, we analyzed the CAM and AAM markers. The gene expression of CAM markers (IL-1b, TNF-a, MCP1, and MIP1a) were all significantly increased in the ipsilateral hemisphere of MyMRKO and FC mice compared to the contralateral hemisphere, but no changes between groups were observed ( Figure 6A ). Similarly, no significant differences were detected in AAM markers between MyMRKO and FC mice ( Figure 6B ).
MR antagonists have not been tested in the photothrombosis stroke model, and it is unknown whether they are protective in this model. Therefore, we also tested the effect of MyMRKO during permanent MCA occlusion by using the intraluminal filament model, in which the MR antagonists are known to be effective at reducing infarct size. 3 Consistent with the results from MCA photothrombosis, we found no protection by MyMRKO with regard to infarct size or neurological deficit 24 hours after permanent MCA occlusion with the intraluminal filament model (Figure 7 ). These data indicate that reperfusion is necessary for myeloid cell phenotypes to alter stroke outcome.
Discussion
In the present study, we evaluated the role of myeloid MR in female mice and in multiple models of ischemic stroke. We found that male but not female mice were protected from cerebral ischemia by pretreatment with the MR antagonist eplerenone. In contrast to MR antagonism, genetic ablation of MR in myeloid cells is neuroprotective in female mice. Like males, female MyMRKO mice were dramatically protected from transient occlusion and had dramatic reductions in infarct size, neurological deficit, and inflammatory response. Furthermore, we also show that the neuroprotective phenotype in MyMRKO mice exists during transient MCA occlusion but not during permanent MCA occlusion. MyMRKO mice displayed no differences in infarct size and inflammation in MCA photothrombosis and intraluminal filament models of permanent occlusion. It has been well established that MR antagonists have protective effects and reduce stroke lesion volumes in male mice and stroke-prone spontaneously hypertensive rats. The majority of experimental cardiovascular studies in animal models only report the use of male animals. The Stroke Therapy Academic Industry Roundtable (STAIR) recommendations for performing preclinical stroke studies include the use of multiple models (permanent and transient occlusion) in both male and female subjects to better assess the viability of drugs for clinical translation. 15 In accordance, we investigated the effects of the MR antagonist eplerenone during transient MCA occlusion in both sexes and discovered that it is protective in male but not female mice. Although the statistical power in this study was low, we detected no indication of protection in eplerenone-treated female mice. This is consistent with a previous report published by Rigsby and colleagues 10 demonstrating that neuroprotection by MR antagonists does not extend to female rats. They found that nonovarectomized and ovarectomized female rats lacked responsiveness to both spironolactone and eplerenone during ischemic stroke. Female stroke-prone spontaneously hypertensive rats also were shown to have elevated levels of MR in the cerebral vasculature as compared to males, but it is not known whether this contributes to the sexual dimorphism of MR antagonists. MR antagonists also have been shown to display sexual dimorphism in their ability to reduce blood pressure. In a saltinduced hypertension model, the MR antagonist spironolactone was effective in reducing blood pressure in male but not female Wistar rats. 16 Similarly, intracerebroventricular injection of the MR antagonist RU28318 resulted in a reduced antihypertensive response in female rats compared to males. 17, 18 Despite the differences in the likely mechanism of blood pressure lowering in these 2 models, females lacked responsiveness to MR blockade. The sexual dimorphic effects of MR antagonists have been suggested to be due to alternative drug metabolism in females, and it has been shown that the MR antagonist eplerenone is differentially metabolized in male and female mice. Interestingly, though, male rats have been shown to metabolize eplerenone more rapidly than females, making this explanation unlikely. 19 Furthermore, this hypothesis is confounded by the observation that MR antagonists have beneficial effects in females during models of cardiac remodeling and cerebral aneurysm formation. [20] [21] [22] Taken together, the available data suggest that the sexual dimorphic actions might be due to modelspecific effects rather than differential drug metabolism. In contrast to MR antagonism, our studies show that genetic ablation of myeloid MR is protective in both male and female mice after transient MCA occlusion. MyMRKO reduced infarct volume and suppressed inflammation while improving neurological function. These results indicate that there could be differential sexual dimorphism of MR antagonists in different cell types. In fact, MR clearly has effects in other cell types within the brain and cerebrovasculature, and MR overexpression in neurons actually has been shown to have beneficial effects during cerebral ischemia. 23 It is possible, then, that sex-dependent differences in the expression and regulation of neuronal MR or in the intracellular metabolism of MR agonists or antagonists could play a role in sexually dimorphic responses to MR antagonists in stroke. The studies by Rahmouni and colleagues 17 in which intracerebroventricular injections of MR antagonists exhibited reduced efficacy in females might indeed indicate that sexual dimorphism of MR antagonists exists in nonmyeloid cell types in the brain. In light of these data, our studies indicate that myeloid-targeted drug delivery could be an effective strategy in the treatment of stroke. Modification of drugs to reduce passage across the blood-brain barrier could provide a means to target circulating cells without affecting other cell types in the brain. MR antagonists are protective in both transient and permanent MCA occlusion. In contrast, MyMRKO mice were protected during transient MCA occlusion but not during models of permanent MCA occlusion. There were no important differences detected in infarct size, macrophage/microglia recruitment, and inflammatory gene expression between MyMRKO and controls subjected to photothrombotic stroke. Similarly, no important differences in infarct size or neurological deficit were observed during permanent occlusion with the intraluminal filament model. Our finding that MyMRKO is protective in transient but not permanent occlusion could provide important insight into the mechanism of protection with myeloid-specific MR ablation and the role that myeloid MR plays in the pathophysiology of stroke. Several studies targeting inflammatory molecules (neutrophil elastase, CD11b/CD18, matrix metalloproteinases, intercellular adhesion molecule 1) also have shown protective effects in transient but not permanent occlusion. [24] [25] [26] [27] [28] Our present experiments support the hypothesis that inflammatory cells are a key component of the response to reperfusion injury and also demonstrate a key role for the MR and the macrophage lineage in this process.
In permanent occlusion models of stroke, cerebral blood flow is not restored, and there is reduced and delayed inflammatory cell infiltration from the peripheral circulation. The supply of infiltrating cells from the periphery is dependent on the extent collateral vasculature. Thus, much of the early inflammatory cell recruitment during permanent occlusion is due to resident immune cells within the brain parenchyma. This might suggest that neuroprotection in MyMRKO mice during transient occlusion is a result of modulating the trafficking of circulating myeloid immune cells rather than altering the activation phenotypes of microglia or macrophag-es within the brain parenchyma. However, temporal changes in macrophage activation states after ischemic stroke are largely unknown, and alterations in the balance of CAM and AAM phenotypes could be a crucial factor in altering stroke severity. Female MyMRKO mice exhibited suppression of both CAM and AAM markers 24 hours after transient ischemia, but it will be important to examine the phenotypic changes in activation states at earlier time points. Suppression of some AAM markers was greater in females than in males (described previously) and could reflect previously observed sexually dimorphic Th1/Th2 immune responses. [29] [30] [31] [32] Because myeloid cells are important in reperfusion injury and oxidative damage, a reduction in inflammatory cell recruitment or decrease in CAM phenotypes also could reduce reperfusion injury.
In conclusion, we demonstrate that genetic ablation of myeloid MR, but not MR antagonism, is protective during transient occlusion in female mice. Our results further delineate the actions of myeloid MR during ischemic stroke and indicate that myeloid MR plays a more important role in reperfusion injury. Thus, MR-targeted drug development might be a feasible therapeutic intervention for stroke, particularly when combined with reperfusion strategies.
